The concentration of nanoparticles in solution is an important, yet challenging parameter to quantify. In this work, a facile strategy for the determination of nanoparticle concentration is presented. The method relies on the quantitative analysis of the inherent distribution of nanoparticle-ligand conjugates that are generated when nanoparticles are functionalized with ligands. Validation of the method was accomplished by applying it to gold nanoparticles and semiconductor nanoparticles (CdSe/ZnS; core/shell).
Introduction
Nanomaterials have had a profound impact in many areas of analytical chemistry, and continue to be a driving force for the development of novel sensing schemes 1 . The utility of nanoparticles is a result of their unique properties that arise as a consequence of reducing the material size to nanometer dimensions. The implementation of nanoparticles in many different fields has necessitated the development of numerous techniques for their characterization and these have been recently reviewed 2, 3 . Even with the multitude of methods available for the characterization of nanoparticles, the concentration of nanoparticles is often cited as a parameter that is challenging to determine 4, 5 .
Nanoparticles do not have a defined molecular weight and this is a consequence of the variability of composition, dispersity in size and the distributions of arrangements of stabilizing ligands that cover the nanoparticles. The most common method of concentration determination relies on the combined use of ICP-AES and TEM imaging to compute the nanoparticle concentration 6 . The limitation of this method arises from the dispersity of nanoparticle sizes and shapes, which prevents the accurate determination of nanoparticle dimensions. The emerging use of nanomaterials with complex shapes and mixed compositions further increases the complexity in the determination of nanoparticle concentration using this method. Recognizing these challenges, some methods have been proposed for the determination of nanoparticle concentration including the use of single nanoparticle ICP-MS techniques 7 , electrospray droplet differential mobility analysis 8 and single molecule particle tracking 9 . In this manuscript, we propose a novel approach that is readily available in most laboratories based on the determination of the inherent distribution of ligands on the surface of nanoparticles. The illustration in Figure 1 serves to outline the procedure used to determine nanoparticle concentration from the distribution of nanoparticle-ligand conjugates. When nanoparticles are incubated with defined equivalences of ligands, the high surface area of the nanoparticle results in the formation of a distribution of nanoparticle-ligand conjugates with varying valences. With suitable selection of the ligand, it is feasible to separate and quantify the conjugates of varying valences [10] [11] [12] . Under specific conditions, these distributions are known to conform to the Poisson model 13, 14 , allowing the determination of ligand equivalence from the distribution of conjugates formed. The ability to model the nanoparticle-ligand distributions, combined with an accurate knowledge of the ligand concentration and reaction efficiency (or alternatively, a measure of the amount of ligand immobilized onto the nanoparticle), provides sufficient data for determination of the concentration of nanoparticle in solution.
There are numerous advantages offered by this method of concentration determination. While this approach relies on the availability of robust ligand conjugation strategies, ligand / biomolecule attachment onto nanoparticles is a prerequisite for nanoparticle use in analytical assays, and as such requires no additional experimentation to determine conjugation chemistries. Analyzing the distribution of nanoparticle-ligand conjugates does not depend on absolute signal intensities, but rather involves the relative quantification of conjugates of varying valences. Analogous to ratiometric methods of quantification, this serves to reduce variations that may be caused by instrumental fluctuations 15 . Lastly, the method is widely accessible as many well-established analytical techniques, such as single molecule fluorescence microscopy 12 and separation modules such as electrophoresis 10 and chromatography 16 , may be used to analyze the relative quantities of conjugates of varying valences.
In this work, the ability to predict nanoparticle concentration from the distribution of nanoparticle-ligand conjugates is investigated. Validation of this method was achieved using gold nanoparticles as a model system. The selection of gold nanoparticles was based on the availability of well established synthetic protocols and the ability to accurately determine gold nanoparticle concentration using UV-Vis spectrometry 17 . Gold nanoparticles, with a diameter of 5.9 nm, were incubated with a polyethylene glycol based ligand at varying equivalences. The conjugates of varying valences were separated and quantified using agarose gel electrophoresis. The applicability of the Poisson model to predict the distribution of conjugates was validated for the gold nanoparticles. The nanoparticle concentration was obtained from the Poisson fitting method, and the results were compared with concentration determination by UV-Vis measurements. Further validation of the protocol was achieved using binary quantum dots (CdSe/ZnS; core/shell) as a different form of nanomaterial. The concentration of quantum dots obtained using the Poisson fitting method was compared to that obtained using UV-Vis analysis. A protocol was then developed to determine the concentration of nanoparticles in a solution with an unknown nanoparticle concentration. This protocol was applied towards the determination of the concentration and the extinction coefficient of alloyed quantum dots (CdSe x S 1-x /ZnS, core/shell) of three different emission wavelengths (525 nm, 575 nm and 630 nm). These nanoparticles were selected because the optical emission wavelength is controlled by the composition of the core rather than the size of nanocrystal 18 , so that the location and breadth of the emission band is not uniquely representative of the nanoparticle size.
The outcome of these experiments is a reliable and accessible method for determination of nanoparticle concentration, which is a critical parameter when, for example, determining extinction coefficients, and when designing stoichiometric ratios to build decorated nanoparticles for applications such as for bioassays and chemicallyselective imaging.
Materials and methods
A detailed list of reagents and protocols is available in the Supporting Information.
Gold nanoparticle functionalization with mPEG thiol
Due to the propensity of thiols to form disulfides, the mPEG thiol (M n 6000 g mol -1 ) was first incubated with a 10-fold molar excess of tris(2-carboxyethyl) phosphine in borate buffer (100 mM, pH 9.3) for 1 hour. Varying amounts of the mPEG thiol solution were then incubated with a fixed volume of the gold nanoparticle solution.
Typically, 10 μL of the gold nanoparticle solutions were used, and the concentrations of the mPEG thiol solutions were such that a maximum of only 10 μL was required for the highest equivalence solutions. The mixtures were incubated at 50 o C in an oven for 2 hours.
Agarose gel electrophoretic analysis of gold nanoparticle -mPEG thiol conjugates.
2 % (w/v) agarose gels were prepared using 0.5 X Tris-Borate EDTA (44.5 mM Tris, 44.5 mM borate, 1 mM EDTA, pH 8.3) as the buffer. Prior to loading the samples onto the gel, the samples were mixed with 5 μL of loading buffer (40 % (w/v) sucrose).
The gel electrophoresis was run at a field strength of 5.7 V cm -1 .
Imaging of the gel was done using a BioRad ChemiDoc XRS+ system. Image analysis was subsequently completed using ImageJ software, from which the intensity profile of each lane was obtained. The various peaks associated with the intensity profile were fit using a Gaussian function available in Igor Pro (WaveMetrics Inc, Portland, OR, USA). Quantification of the various peaks was achieved by integrating the area under each curve, and then this data was normalized to the total area of the electrochromatogram. Fitting the data to the Poisson function was also done using Igor Pro.
Water-soluble quantum dots
Quantum dots dissolved in organic solvents were made water-soluble using glutathione. Glutathione (25 μmol) was dissolved in 100 μL of tetramethylammonium hydroxide solution (25 wt. % in methanol). This ligand solution was added to quantum dots (0.5 mg) that were dissolved in 1 mL of chloroform.
After overnight incubation at room temperature, the QDs were pelleted by centrifugation and dissolved in 500 μL of borate buffer. To remove excess ligand, the QDs were precipitated using sodium chloride and ethanol (2 x) and finally were resuspended in borate buffer.
Quantum dot functionalization with mPEG hexahistidine.
Dilutions of mPEG hexahistidine were prepared in borate buffer (100 mM, pH 9.3). Glutathione coated quantum dots (typical volume was 10 μL) were incubated with varying amounts of mPEG hexahistidine in borate buffer at 50 o C for 2 hours. The dispersities of quantum dot-ligand conjugates were evaluated using agarose gel electrophoresis by a protocol similar to that described for the gold nanoparticles.
Results and discussion

Synthesis and characterization of gold nanoparticles
Gold nanoparticles (AuNPs) were synthesized by the reduction of aurochloric acid using tannic acid and citrate 19 . The nanoparticles were subsequently coated with bis(p-sulfonatophenyl)phenylphosphine (BSPP) to improve colloidal stability, and characterized using transmission electron microscopy (TEM) ( Figure S1a ) and UV-Vis spectrometry ( Figure S1b ). Based on the measurement of at least 50 particles from the TEM images, the gold nanoparticles had a mean diameter of 5.9 ± 0.9 nm. The concentration of the nanoparticles was obtained using the method outlined by Haiss et al 17 (See Supporting Information, Equation S1 ). The concentration of the 5.9 ± 0.9 nm nanoparticles was determined to be 1.5 ± 0.4 μM. The uncertainty in the concentration of the nanoparticle is mainly attributed to the dispersion in the size of the nanoparticles.
Statistical distribution of gold nanoparticle -ligand conjugates
Quantifying the ligand distribution on nanoparticles requires a ligand-nanoparticle The BSPP coated gold nanoparticles (AuNPs) were incubated with varying amounts of mPEG thiol, with a highest equivalence ratio of two. The small equivalences that were used were intended to result in a clear distribution of conjugates with varying valences of AuNP-ligand conjugates. These conjugates were separated and quantified using agarose gel electrophoresis (Figure 2 ). In the agarose gel, the AuNPs had the highest electrophoretic mobility, with the mPEG thiol functionalized AuNPs having a progressively lower electrophoretic mobility as a function of the number of ligands immobilized on the particle. It was important to use a high molecular weight polymer (> 5000 g mol -1 ) to induce sufficient change in electrophoretic mobility for resolution using agarose gel electrophoresis 10 .
Quantitative analysis of the agarose gels provided data about the fraction of AuNP-mPEG thiol conjugates of different valences that formed when the nanoparticles were incubated with varying amounts of ligand. In Figure 2b , the distribution of conjugates is compared to that predicted by the Poisson distribution (Equation 1)
where x refers to the number of ligands per particle, P(x) refers to the fraction of Second, binding events must be independent of each other. This is of concern when the immobilization of one ligand interferes with or templates subsequent ligand immobilization, either through steric or electrostatic interactions. The use of a neutral mPEG ligand eliminates electrostatic repulsion as a concern. It is assumed that the steric influences of the mPEG ligand on subsequent mPEG ligand chemisorption may be ignored at the low equivalences of ligand per nanoparticle that are used in these experiments 20 .
Finally, the reaction between the ligand and nanoparticle should be irreversible.
The thiol-gold bond is known to be thermodynamically stable 21 , and the reactions are performed at high nanoparticle concentrations (≥ 0.5 μM), ensuring a low probability for the dissociation of ligands from the nanoparticle.
Gold nanoparticle concentration determination using Poisson fitting
Correlating For the small equivalents of ligands used here, a higher temperature would favor the stronger thiol-gold bond over the phosphine-gold interaction 22 . Secondly, the thiol moiety of the mPEG ligand may be sterically blocked by the globular structure of the mPEG ligand. Using a higher temperature would facilitate the reaction between the mPEG ligand and the gold nanoparticle surface. It should be noted that when quantitative reactions are not possible, it is important to determine the total amount of ligand immobilized onto the nanoparticles, rather than use the quantity of ligand incubated with the nanoparticles. confidence interval, the concentration measured using the Poisson distribution was found to be the same as that measured using UV-Vis analysis (Table 1 ). Figure 3b . While using single point measurements to calculate nanoparticle concentration may not be accurate, taking the average of all the points provides a value that is highly consistent with that measured using UV-Vis (Table 1) .
Thus, the concentration determined from a single point should only serve as an estimate, with the average determined from at least five points (spanning ligand equivalences of 0.1 -2) providing a more accurate value for nanoparticle concentration. Figure 3a is data obtained by taking the ratio of the peak intensities for conjugates with one ligand (AuNP -1 mPEG) and nanoparticles without any attached ligand (AuNP -0 mPEG). The overlap between this ratio and the equivalences predicted by the Poisson model is significant, especially for equivalences less than 1. This provides a facile method for determining the concentration of the nanoparticles, as it does not require the quantification of conjugates with higher valences.
Also included in
The low conjugate valences are those that are the most clearly resolved in electrophoretic and chromatographic techniques 11 . Figure 3b further indicates the similarity between the concentration determined using such a ratiometric method and that predicted by UV-Vis analysis. The ratiometric method of determining the concentration of nanoparticles is only applicable for equivalences less than one. For equivalences greater than one, fitting the band intensities to the Poisson model provides for a more accurate estimation of nanoparticle concentration. 
Determination of nanoparticle concentration in an unknown solution
From the above discussion, a ligand equivalence of less than or equal to 2 is ideal for the determination of nanoparticle concentration. For these ligand equivalences, the nanoparticle -ligand conjugates of varying valences are accurately identified, as the first band is always nanoparticles with no ligand. In addition, at higher ligand equivalences, the proportion of conjugates with a ligand valence greater than three is higher, and these conjugates are harder to resolve and accurately quantify. The concentration determined from these two fits was 2.8 ± 0.5 μM, which is similar to the concentration obtained by UV-Vis analysis (3.1 ± 0.7 μM). The values of concentration determined by the Poisson fit method and by UV-Vis are statistically the same as determined by a t-test at the 95 % confidence interval. As previously discussed, increasing the number of points from which the nanoparticle concentration is determined would improve the accuracy of the measurement.
Concentration determination of binary quantum dots (CdSe/ZnS; core/shell)
Further validation of the Poisson fitting method for nanoparticle concentration determination was obtained when applied to semiconductor nanocrystals (CdSe/ZnS, core/shell), also referred to as quantum dots (QDs). These nanoparticles were made water-soluble using glutathione as a surface capping molecule. A sample of these nanoparticles was analyzed using a UV-Vis absorbance spectrometer (See Figure S6 for the UV-Vis spectra). The concentration of the QDs was determined from the absorbance spectrum using the method proposed by Yu et al 4 . The concentration of nanoparticles was determined to be 9.1 ± 0.9 μM.
To use the Poisson method for the determination of QD concentrations, hexahistidine functionalized mPEG ligands (mPEG hexahistidine) were immobilized onto the glutathione functionalized quantum dots (GSH-QDs) in varying ratios, followed by determination of the distribution of conjugates that were formed. It was necessary to use a hexahistidine functionalized mPEG rather than the thiol functionalized mPEG to obtain quantitative reaction between the ligand and nanoparticle. Although thiol functional groups may also interact with the zinc on the QD surface, low reaction efficiencies were observed when the GSH QDs were incubated with mPEG thiol ligands (data not shown). This may be attributed to the bidentate binding capability of the GSH ligand 25 , which greatly reduced mono-thiol ligand displacement of the GSH, especially for the low equivalences (< 2) of ligand used. The concentration of mPEG hexahistidine was determined using the procedure outlined by Sims et al. 26 (Supporting information S7). It was also observed that incubation at a higher temperature (50 o C) was required to achieve quantitative reaction between the hexahistidine mPEG ligand and the QD. Following the protocol developed using gold nanoparticles, the GSH QDs were initially assumed to be within 1 μM and 1 mM, and were incubated with specific amounts of ligand as previously described. Analysis of the conjugates was done using agarose gel electrophoresis (Figure 5a) . Identity of the conjugates was assigned based on the fact that the GSH QDs with no mPEG ligand had the greatest mobility and the QDs modified with mPEG hexahistidine had a progressively lower electrophoretic mobility as a function of the number of ligands that were immobilized. The distribution of the conjugates was determined from lanes (i), (ii) and (iii) of Figure 5a and the distribution was fit to the Poisson model. The resulting equivalences were used to estimate the nanoparticle concentration. The concentration of the GSH QDs was determined to be 8 ± 1 μM, which suggests a deviation in accuracy of about 10% when compared to the value of 9.1 ± 0.9 μM that was determined using UV-Vis. Having identified the correct range of concentration, a more rigorous analysis was conducted to improve the accuracy. The GSH QDs were incubated with finer increments over a narrower range of mPEG hexahistidine, and the resulting conjugates were again analyzed using agarose gel electrophoresis (Figure 5b ). Fitting the distribution of conjugates to the Poisson model provided the equivalence ratios that are used to construct the plot in Figure 5c . Using the equation of the line of best fit provided a value of 9.3 ± 0.7 μM, which is only 2 % different from the concentration of 9.1 ± 0.9 μM determined by the UV-Vis method.
Concentration determination of alloyed semiconductor quantum dots
The method was applied to provide concentration data for the subsequent determination of the extinction coefficient of alloyed semiconductor nanoparticles. Quantitative analysis of the distribution of conjugates from the gel electrophoretic images provided data that was fit to the Poisson model. These were plotted, along with the amounts of ligand, to provide the calibration curves in Figure 6b , d and f. The concentrations of the nanoparticles determined from these calibration curves, in conjunction with their absorbance spectra ( Figure S8 ), enabled the determination of the extinction coefficient of the alloyed QDs (Table 2 ). To the best of the author's knowledge, these values represent one of the first estimations of the extinction coefficient of alloyed QDs (CdS x Se 1-x /ZnS; core/shell). Within experimental error, the extinction coefficients of QDs of the three different emission wavelengths were identical. Alloyed QDs have their emission wavelength tuned by the composition of the core, rather than its size 18 . They are expected to have similar extinction coefficients, as long as the size of the nanocrystal is kept consistent 27 .
To corroborate the accuracy of the results, the extinction coefficient of alloyed QD525 was determined using an alternative method. Previously, a protocol for the preparation and isolation of quantum dots functionalized by a single nucleic acid was proposed 28 . Using this method, the QD525 was conjugated to a single nucleic acid strand that was co-labeled with a Cy5 dye. In a sample of monoconjugates, the amount of Cy5 is equal to the amount of QDs. UV-Vis analysis of these conjugates ( Figure S9b ) provides a method to determine the extinction coefficient of the QDs as the extinction coefficient of Cy5 is known to be 2.5 x 10 5 M -1 cm -1 . Based on this analysis, the extinction coefficient of QD525 was found to be 2.1 (±0.2) x 10 5 M -1 cm -1 , which is in agreement with the value obtained using the Poisson fitting method (Table 2) . 
Conclusions
Data analysis
All data analysis was performed using Igor Pro (Ver. 6.3; WaveMetrics, Portland, OR).
When the data was fit to the Poisson model, the minimization of the X 2 was used to determine the best fit 1 . The following equation is used by the software to calculate X 2 ,
where y is the expected value for a given point, y i is the measured value for that point and σ i is the standard deviation associated with y i .
To compare the mean values obtained by different methods, the t-test was used.
The t-test is a statistical test used to quantify the difference between two mean values 2 .
The t-statistic was calculated using the following equation, Using these two calculated values, the calculated t-statistic is compared to the critical t-value at the associated d.o.f. (Tables are available in all statistics textbooks) . If the t-statistic is smaller than the critical t-value, the two means are statistically similar.
Synthesis and characterization of gold nanoparticles.
All glassware used for gold nanoparticle synthesis was cleaned using an aqua regia solution (3:1 v/v, HCl : HNO 3 ) and then thoroughly rinsed using deionized water.
nm gold nanoparticles
The protocol developed by Slot et al. was used for the synthesis of the 6 nm gold nanoparticles. Gold (III) chloride (33 μmol) was dissolved in 80 mL water and trisodium citrate (34 μmol) was added to a separate 16 mL of deionized water along with 2.9 μmol of tannic acid. Both solutions were heated to 60 o C and mixed together. Once a red colour was formed, the solution was heated to 95 o C and then cooled on ice.
The nanoparticles were then incubated with bis(psulfonatophenyphosphine)phenyl phosphine (BSPP, 33 μmol), and allowed to stir for 12
hours. To the sample, solid sodium chloride was added in small portions until the solution changed colour due to the aggregation of the nanoparticles. The nanoparticles were then pelleted out using centrifugation (1000 RCF for 30 minutes), and resuspended in water.
The nanoparticles were stored in the dark at 4 o C. The synthesized nanoparticles were characterized using a transmission electron microscope and UV-Vis spectroscopy ( Figure   S1 ). 
Determination of gold nanoparticle concentration using UV-Vis analysis
Nanoparticle concentration was determined using the procedure outlined by Haiss et al. 3 Equation S1 was used to calculate the nanoparticle concentration using the size of the nanoparticle ( Figure S1a ) and the absorbance value at 450 nm ( Figure S1b ). where N corresponds to the number concentration of the nanoparticles (number of particles per mL), A 450 is the absorbance of the nanoparticles at 450 nm, and d is the diameter of the nanoparticles as measured using the TEM images.
Quantification of mPEG thiol
Thiol functionalized mPEG (16.4 mg, M n 6000 g mol -1 ) was dissolved in 5 mL deionized water and varying amounts of solution was incubated with a constant aliquot of Aldrithiol (Reaction scheme provided in Figure S2 ). After two hours of reaction, the solutions were measured on a UV-Vis spectrometer, with the absorbance at 308 nm used for quantification. The 2-mercaptopyridone is known to have an extinction coefficient of 8080 M -1 cm -1 at this wavelength. 
Evaluation of the precision in the distribution of conjugates
Six different samples of the BSPP coated gold nanoparticles, from a single batch, were incubated with the same quantity of ligand for at least 2 hours. These samples were then analyzed using agarose gel electrophoresis, with the resulting image shown in Figure   S4 . A linear curve was fit to the calibration points in Figure S5b , and the amount of ligand corresponding to a ligand equivalence of 1 was calculated from the equation of the line. Using this information, the concentration of the gold nanoparticles was calculated to be 2.7 ± 0.1 μM. This represents a 4 % deviation from the concentration predicted using UV-Vis analysis of the sample of gold nanoparticles (2.8 ± 0.2 μM).
9. UV-Vis analysis of binary QD (CdSe/ZnS; core/shell) Figure S5 . Absorbance spectra of quantum dots with a core composition of CdSe and a ZnS shell.
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Hexahistidine functionalized mPEG
The thiol functionalized poly(ethylene glycol) methyl ether (20 mg, 3.33 μmol) was incubated with TCEP (33 μmol) for 2 hours to reduce any disulfide to the thiol form.
Excess TCEP was removed using a NAP-5 desalting column, and the thiol mPEG was then incubated with the maleimide-functionalized peptide (33 μmol) for 24 hours. Unreacted peptide was removed using a NAP-5 desalting column. The sample was then purified using a His GraviTrap column to remove any mPEG that may not be functionalized with the peptide. The sample was then desalted again to remove excess imidazole, and then quantified as described below.
Quantification of hexahistidine functionalized mPEG
The protocol outlined by Gong et al. was used to quantify the amount of hexahistidine functionalized mPEG in solution. To prepare a calibration curve, the disulfide protected PEGs described above was utilized. These PEG molecules were incubated with barium chloride and iodine. A 0.24 M barium chloride solution was prepared in 1 M hydrochloric acid. A 0.1 M iodine-potassium iodide solution was prepared in deionized water. To an aliquot of PEG solution (400 μL) at different concentrations, 100 μL of the barium chloride solution was added along with 50 μL of the iodine solution. After a 30-minute incubation, the solution was centrifuged to pellet the precipitate, and the supernatant was measured on a UV-Vis spectrophotometer. A calibration curve was constructed based on known amounts of mPEG, and the concentration of the hexahistidine functionalized mPEG was determined using linear regression analysis.
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Figure S6. Quantification of mPEG HisTag using a complexation reaction between the ether groups of the polymer and barium iodide. For the calibration curve, the amount of mPEG in solution was established as described above for quantifying mPEG thiol.
UV-Vis analysis of alloyed semiconductor nanocrystals.
Figure S7. Absorbance spectra of three different alloyed quantum dots with different emission wavelengths.
Synthesis of monovalent QD-DNA conjugates
The procedure for the synthesis of the monovalent QD-DNA conjugates was previously reported. Briefly, mPEG750 coated QD525 were incubated with a low equivalence of DNA (<1), that was functionalized with a HisTag. After incubating for 4 hours, the QD-DNA conjugates were captured onto diethylaminoethanol functionalized magnetic beads. The QD-DNA monoconjugates were then selectively eluted using wash
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solutions of a specific ionic strength. The isolation of QD-DNA monoconjugates was verified using agarose gel electrophoresis ( Figure S6a ).
The nucleic acid conjugated onto the QD525 was also labeled with Cy5. The monovalency of the QD-DNA conjugate allows the quantification of the QD525 using the absorbance spectra of Cy5 as they are present in a 1:1 ratio ( Figure S6b) . Figure S8 . Monovalent quantum dot-nucleic acid (QD-DNA) conjugates (a) Agarose gel electrophoresis used to confirm successful isolation of QD-DNA conjugates. Lane (i) represents QD-DNA conjugates of multiple valences, Lane (ii) represents the QD-DNA monoconjugates that were isolated using the magnetic bead protocol. (b) UV-Vis analysis of QD-DNA monoconjugates, where the DNA was also labeled with Cy5.
